I. INTRODUCTION

I
T IS well-known that a multilayer thin-film waveguide (MTFW) has form birefringence and produces a large mode separation between the quasi-transverse-electric (TE) E x mode and the quasi-transverse-magnetic (TM) E y mode [1] - [4] . For this reason, the use of the MTFW makes it possible to realize a polarization-maintaining property. The MTFWs are composed of alternate thin layers of two isotropic materials with different refractive indexes. So far, various kinds of devices that are composed of the MTFW have been investigated [5] , [6] . However, little attention has been paid to the 3-D propagating beam analysis because of its structural complexity.
For the 3-D propagating beam analysis, it is necessary to analyze the eigenmode field for the incident field. To date, many methods have been proposed for the eigenmode analysis [7] - [10] . One of them is an imaginary-distance propagation method [8] based on Yee's mesh (YM-BPM) [10] - [13] . The YM-BPM has the advantage that all electric-and magnetic-field components are simultaneously evaluated, and the obtained eigenmode field is directly utilized for the real-axis YM-BPM [13] and the finite-difference time-domain method [14] .
In this paper, the eigenmodes of MTFWs are analyzed using the imaginary-distance YM-BPM [10] . The effective indexes as a function of waveguide width are investigated. The evaluated effective indexes are in good agreement with previously published data [4] .
As an application of the MTFW, a rib-type MTFW coupler is treated. This MTFW is a polarization-maintaining waveguide, i.e., the E y modes are cut off. The coupling length as a function of spacing between the waveguides is calculated. The results are compared with those of the single-layer rib-type waveguide coupler whose refractive index of the guiding layer is determined from the weighted average of the indexes of the MTFW. It is shown that the coupling lengths of the MTFW nearly agree with those of the single-layer waveguide for the E x 11 mode. Next, we propose a directional-coupler-type polarization splitter that consists of two parallel MTFWs [15] . By the 3-D eigenmode and propagating beam analyses, the propagation characteristics of the polarization splitter are investigated. For the eigenmode analysis, the coupling lengths of the quasi-TE and quasi-TM modes are evaluated. For the propagating beam analysis, the crosstalks are calculated. The analysis is carried out using the real-and imaginary-distance YM-BPMs [10] , [13] . Numerical results show that the crosstalks are −33.5 dB for the quasi-TE mode and −20.7 dB for the quasi-TM mode.
We then compare the present polarization splitter with a splitter using a single MTFW (a similar splitter using a single MTFW was proposed in [6] ). It is found that the splitter consisting of the two parallel MTFWs has the advantage that a short device length of 270 µm is available.
Finally, we study a splitter that is composed of crossing MTFWs [16] . The device length is further reduced to 120 µm, with the crosstalk being about −19 dB for the quasi-TE and quasi-TM modes.
II. NUMERICAL METHOD
A. Eigenmode Analysis
The imaginary-distance YM-BPM [10] - [12] is employed to analyze the eigenmodes of MTFWs. This method that was proposed by Lee [10] is the full-vectorial explicit finite-difference method based on Yee's mesh.
In the imaginary-distance procedure [8] , an arbitrary input field converts into the lowest eigenmode field, as the input field propagates in the imaginary-axis direction. For calculating higher order modes, we employ a Gram-Schmidt orthogonalization technique [10] , [13] , [17] . 
B. Propagating Beam Analysis
The explicit YM-BPM has the disadvantage that it cannot be used in the propagating beam (real-axis) analysis. Recently, the implicit YM-BPM [13] has been developed to resolve this problem. We adopt this method to calculate the propagating beam of polarization splitters using MTFWs. For the polarization splitters that are considered in this paper, it is confirmed from preliminary calculations that the results that were obtained from the semivectorial YM-BPM agree well with those from the full-vectorial YM-BPM. Since the computational efficiency of the semivectorial YM-BPM is higher than that of the fullvectorial YM-BPM, the semivectorial YM-BPM, which was not explicity described in [13] , is employed in the propagating beam analysis. The semivectorial equations are expressed as follows:
where k 0 is the free-space wavenumber, ε r (= n 2 r ) is the relative permittivity, and β ref (= k 0 n 0 ) is the reference propagation constant. Subscripts α andα are taken to be α = x andα = y, respectively, for the quasi-TE mode and α = y andα = x, respectively, for the quasi-TM mode.
The finite-difference equations are obtained by discretizing (1) and (2) with the use of Yee's mesh and splitting the propagation axis into two steps. Following the procedure that is similar to the full-vectorial YM-BPM in [13] , we obtain the following steps:
Step 1) (l ⇒ l + 1/2):
Step 2) (l + 1/2 ⇒ l + 1): where
∆z/2 
for the quasi-TE mode and
for the quasi-TM mode.
In the present method, the preceding two-step equations are solved, updating the solution in the z direction. Efficient computation can be carried out by the Thomas algorithm since (3) and (5) are the tridiagonal systems of linear equations, while (4) and (6) are explicitly solved. Eventually, the calculation is performed with the following process:
III. RESULT
A. Eigenmode Analysis
In order to demonstrate the validity of this analysis, we first analyze the eigenmodes of the MTFW (Fig. 1 ) treated in [4] . The configuration parameters are taken as follows: The refractive indexes are n H = 2.49, n L = 1.47, and n s = 1.512. The thicknesses of the MTFW are d H = 0.02 µm and d L = 0.1 µm, resulting in a total thickness of d T = 0.6 µm (the total number of layers is ten). The operating wavelength is chosen to be 0.6328 µm throughout this paper. The computational parameters are fixed at ∆x = 0.025 µm and ∆y = 0.004 µm. . It is observed that the large mode separation is realized since the effective index of the E x 11 mode differs significantly from that of the E y 11 mode. As an example, the transverse field distributions of the E y 11 mode that were observed at w = 2.0 µm are illustrated in Fig. 3 , where only half the region is shown due to the symmetry with respect to the y-axis. The field discontinuities across the interfaces are clearly observed.
Consideration is next given to the rib-type MTFW coupler shown in Fig. 4 . The configuration parameters are taken to be the same as those of Fig. 1 . The total number of layers is ten, in which the four layers compose the rib part. The waveguide width w is chosen to be 1.0 µm so that this structure is regarded as two parallel polarization-maintaining waveguides, which allow only the E x 11 mode to propagate. We now investigate the coupling length for the E fractive index of the guiding layer is 1.64, which is determined from the weighted average
where β even and β odd are the propagation constants of the even and odd supermodes, respectively. The coupling length as a function of s is shown in Fig. 5 . The solid and open circles show the coupling lengths of the MTFW and the single-layer waveguide, respectively. It is seen in Fig. 5 that the coupling lengths are close to each other for the E x 11 mode. We should note, however, that the MTFW does not allow the E y modes to propagate, while the single-layer waveguide allows propagation, i.e., the MTFW can compose a polarization-maintaining coupler.
In summary, it has been demonstrated that the YM-BPM can be utilized for the eigenmode analysis of the MTFW, which yields the mode coupling. It is also shown for the E x 11 mode that the coupling lengths of the rib-type MTFW coupler approximately correspond to those of the single-layer waveguide with the weighted average index.
B. Directional-Coupler-Type Polarization Splitters Using MTFWs
In this section, we propose a polarization splitter that takes advantage of the birefringence of the MTFW. For the MTFW (Fig. 1) analyzed in the previous section, the mode fields are strongly confined to the core region, resulting in a long device length. In addition, note that the rib-type MTFW (Fig. 4 ) cannot allow the quasi-TM (E y ) modes to propagate. We, therefore, employ an embedded-type MTFW, which contributes to realizing a short device length. Fig. 6 (a) and (b) shows the configurations of directionalcoupler-type polarization splitters. In this paper, we call the polarization splitter that is shown in Fig. 6 (a) Type S (symmetry), which consists of two parallel MTFWs, and another splitter that is shown in Fig. 6 (b) Type A (asymmetry), whose one arm consists of the MTFW. That is, for Type A, the waveguide 2 in Type S is replaced by a single-layer waveguide. Note that both types in this paper use waveguide 1 as the input waveguide, while Type A in [6] uses waveguide 2 as the input waveguide. The configuration parameters are taken to be the same as those in Fig. 1 . The width of the MTFW is w = 1 µm, and the spacing between the two parallel waveguides is s = 1 µm. For Type A, the refractive index of the single-layer waveguide n g is taken to be variable.
First, the eigenmodes of the isolated MTFW [the upper left of Fig. 6(a) ] are analyzed to demonstrate the birefringence properties of the MTFW. The field distributions of the two polarizations are shown in Fig. 7 , where only half the region is illustrated. It is seen that the field confinement of the quasi-TE mode differs much from that of the quasi-TM mode. For Type A in [6] , the MTFW whose configuration parameters are different from that of the present one was employed to cut off the quasi-TM mode in waveguide 1, and waveguide 2 was used as the input waveguide instead of waveguide 1. Consequently, the coupling of the quasi-TE mode was utilized for splitting the polarizations. On the other hand, in this paper, we utilize the coupling of the quasi-TM mode for splitting the polarizations, leading to the advantage that the coupling length is reduced. As shown in Table I , the coupling length of the quasi-TE mode is more than 20 000 µm, and that of the quasi-TM mode is about 270 µm.
Next, the characteristics of the two types of polarization splitters are evaluated in the propagating beam analysis. For the polarization splitters that are considered in this paper, it is confirmed that the results that were obtained from the semivectorial BPM agree well with those from the full-vectorial BPM. Since the computational efficiency of the semivectorial BPM is higher than that of the full-vectorial BPM, the semivectorial BPM is employed in this analysis. The incident field to waveguide 1 is the eigenmode of the single MTFW that was obtained from the imaginary-distance BPM.
We show the polarization behavior for Type S. Fig. 8 shows the field distributions for the two polarizations in the x-z plane at y = 0.3 µm. It is observed that the two polarizations can be separated at z 270 µm. Fig. 9 shows the field distributions in the x-y plane at z = 270 µm. For the quasi-TE mode, the field confinement is very strong, so the field propagates without coupling to the other waveguide. In contrast, for the quasi-TM mode, the field extends into the substrate, leading to a shorter coupling length. Fig. 10 shows the coupling efficiency for the quasi-TM mode as a function of propagation distance, in which the result for Type S is shown by •. It is observed that the coupling efficiency in waveguide 2 is more than 0.99 at z = 270 µm.
TABLE II CROSSTALK
Two additional data for Type A are also presented to show the effects of varying the refractive index n g on the coupling efficiency: One is for n g = 1.5715, in which the phase-matching condition between the MTFW and the single-layer waveguide is completely satisfied, and the other is for n g = 1.5725, in which slight deviation from the phase-matching condition is included. The maximum coupling efficiency in waveguide 2 is more than 0.99 for n g = 1.5715. However, the maximum coupling efficiency is, at best, 0.8 when an error on the order of 10 −3 is induced in the refractive index n g . As a result, the fine index adjustment on the order of 10 −4 is required for the refractive index of the single-layer waveguide. In contrast, the phase matching is readily satisfied for Type S; the requirement for fabrication accuracy is relaxed. Although not illustrated, for the quasi-TE mode, the coupling efficiency that is observed in waveguide 1 remains almost unity in any case, i.e., the light wave that is coupled into waveguide 2 is negligible.
The performance of the polarization splitter is assessed by the crosstalks (Table II) that are defined as
where CE #1 and CE #2 are the coupling efficiencies at waveguides 1 and 2, respectively. The coupling efficiency is obtained by overlapping the propagating field with the specific eigenmode field. For Type S, the crosstalks are calculated to be −33.5 dB for the quasi-TE mode and −20.7 dB for the quasi-TM mode at z = 270 µm. The crosstalk of the quasi-TE mode is lower than that of the quasi-TM mode since the field of the quasi-TE mode is strongly confined to the core, as shown in Fig. 9 . Note, however, that lower crosstalks can readily be obtained when slightly bent output waveguides are connected to the parallel waveguides. It should also be noted that, for Type A, the crosstalk is increased from −25.3 to −5.9 dB when the error on the order of 10 −3 is induced in the refractive index n g .
C. Crossing-Type Polarization Splitter Using MTFWs
In this section, we propose an alternative polarization splitter that is composed of crossing MTFWs shown in Fig. 11 . The configuration parameters of the MTFW are taken to be the same as those in Fig. 6 . The overlapping length at the crossing region is ∆S = 0.0125 µm. The spacing between the two waveguides at the input and output is taken to be s = 1 µm, which is the same as the spacing that is used in Fig. 6 . The crossing angle is designated as θ. The incident field to waveguide 1 is the eigenmode of the single MTFW.
To assess the performance of the mode splitter, we evaluate the coupling efficiency. Fig. 12 shows the coupling efficiency as a function of crossing angle θ. We again calculate the coupling efficiency using the propagating field and the eigenmode of the single MTFW. The propagating field is evaluated at z = l, in which l is varied from 168 to 90 µm, as θ increases from 0.7
• to 1.3
• since s is fixed to be 1 µm. It is found that the maximum coupling efficiency of the quasi-TE and quasi-TM modes are calculated to be 0.96 at θ = 0.9
• and 0.97 at θ = 1.0
• , respectively. However, for θ = 0.9 • , the coupling efficiency of undesirable polarization (the quasi-TM mode in waveguide 3) is higher than that for θ = 1.0
• . We, therefore, choose θ = 1.0
• , in which the crosstalks of the quasi-TE and quasi-TM modes are calculated to be −19.0 and −19.4 dB, respectively. (In the calculation of CR TE and CR TM , CE #1 and CE #2 are changed to CE #3 and CE #4 , respectively, according to the definition in Fig. 11 .) It should be noted that the device length is about l = 120 µm, which is further reduced from that of the directional-coupler-type splitter.
IV. CONCLUSION
The MTFWs have been analyzed using the 3-D YM-BPM. First, the eigenmodes of the MTFW are evaluated using the imaginary-distance YM-BPM. It is shown that the obtained effective indexes are in good agreement with previously published data. In the eigenmode analysis of the rib-type MTFW coupler, the coupling lengths are calculated and compared with those of the single-layer waveguide. It is found, for the E x 11 mode, that the coupling length of the MTFW is approximately equal to that of the single-layer waveguide with the weighted average index of the indexes of the MTFW. Next, we propose the directional-coupler-type polarization splitter using MTFWs. The polarization splitter, which consists of the two parallel MTFWs, has the advantage that a short coupling length is obtainable. The crosstalks are calculated to be −33.5 dB for the quasi-TE mode and −20.7 dB for the quasi-TM mode with a coupling length of 270 µm. Finally, a crossing-type polarization splitter composed of MTFWs has been analyzed. The polarization splitter, which consists of the crossing MTFWs, leads to a further reduction in the device length. The crosstalks of the quasi-TE and quasi-TM modes are calculated to be about −19 dB with a device length of 120 µm.
